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Abstract 
Heavily drawn steel wires, used in applications such as radial tires, have to withstand a high number of fatigue cycles, typically > 
108.  Such steel wires have diameters as small as 175μm. High cycle fatigue failure in such wires is initiated by either surface 
defects or internal non-metallic inclusions. The former leads to shorter fatigue lives than the latter. 
 
A methodology has been developed to measure the fatigue threshold Stress Intensity Factor (SIF) for long cracks in these heavily 
drawn steel wires. Then, the SIF’s of the non-metallic inclusions, at which the high cycle fatigue cracks initiate, were compared 
to the threshold value for long crack growth. It was shown that the defect size that should be used to calculate the SIF is larger 
than the inclusion size itself. This is validated using Scanning Electron Microscopy in combination with a Focused Ion Beam, 
proving that the region around non-metallic inclusions is characterized by alterations in the microstructure. In this intermediate 
region between the inclusion and the start of the long cracks, the crack growth rate is very slow and can be described by a Paris’ 
law like relationship. Hence, a bi-linear Paris law has been proposed, enabling to predict the fatigue life of heavily drawn steel 
wires containing any size of inclusions.
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1. Introduction  
Steel wires are amongst the strongest materials on earth. Heavily drawn pearlitic steel wires can reach tensile 
strengths above 4000 MPa, similar to the strongest carbon fibres, but at a lower cost. In many engineering 
applications, fine steel wires ( diameter as low as 0.2 mm) with tensile strengths up to 3000 MPa are used nowadays, 
often bundled into cords, like in radial tires. In such applications, fatigue loadings are predominant, and hence a 
good understanding of the fatigue behaviour of such steel wires is of great practical importance. 
It is generally known that fatigue cracks in high strength steels initiate at surface or internal defects or at 
inclusions. For a long time, such qualitative statement could also be made for drawn steel wires, and it was 
supported by SEM-pictures of crack origins at (mainly) surface defects and (sometimes) inclusions.    
. 
 
* Corresponding author. Tel.: +32-16-321306; fax: +32-16-321990. 
E-mail address: ignaas.verpoest@mtm.kuleuven.be 
Procedia Engineering 10 (2011) 3259–3266
1877-7058 © 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11
Open access under CC BY-NC-ND license.
© 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11 
Open access under CC BY-NC-ND license.
3260  Kasper Lambrighs et al. / Procedia Engineering 10 (2011) 3259–3266
Only 30 years ago, for the first time a quantitative relation between the size and shape of surface defects and the 
fatigue properties of drawn steel wires was established by Verpoest et al. [1,2]. They showed that the fatigue failure 
of drawn pearlitic wires ( = 1-2 mm) initiated from small surface defects (cavities and grooves with dimensions in 
the range of 5-20 m) caused by cold drawing. Using an alternating current potential drop method, fatigue cracks in 
1 and 2 mm diameter steel wires were detected in an early stage of development. By a stepwise reduction of the 
applied stress amplitude, the crack growth rate was gradually decreased until the cracks stopped. In this way, the 
threshold stress intensity factor amplitude Kth for long cracks was determined for the first time in drawn steel 
wires, and a quantitative correlation between the fatigue limit and size and shape of surface defects was established.  
After these early publications, and during a period of 30 years, almost no studies have been reported on the 
quantitative relation between fatigue limit, fatigue threshold and defect size and shape of steel wires. Beretta et al. 
[3,4] analyzed the propagation of short cracks in eutectoid steel wires, and advocated the use of short fatigue crack 
growth models, whereas Llorca and Sanchez-Galvez [5] obtained comparable experimental values for  Kth as 
Verpoest et.al. [1,2]. 
Since the wire drawing technology kept improving in the last 10 years, resulting in finer steel wires with even 
higher tensile strength, it is necessary to study the fatigue properties of drawn steel wires again. To do so, drawn 
wires with a much smaller diameter ( = 175 m resp. 300m) and a higher strength (> 3000 MPa) are investigated 
in this study. It is of importance for the industry to check if surface defects introduced by the wire drawing process 
are still the most critical initiators for fatigue cracks. A more fundamental question to be answered is whether the 
quantitative relation between fatigue limit, fatigue threshold and defect size and shape, developed by Verpoest et.al. 
[1,2] still applies to these very high strength, finer drawn steel wires. 
 
2. Materials and experimental procedures 
The two materials used in this study are brass coated steel wires: one with a diameter of 175 m and an 
UTS (ultimate tensile strength) of 3187  37 MPa, a second one with a diameter of 300 m and an UTS of 3300  
100 MPa. The wires were cold drawn to a total strain of 3.5 respectively 3.6. Both wires have the same carbon 
equivalent. It is important to note that the wire rod used to draw both wires comes from different suppliers, meaning 
that differences in inclusion characteristics (size, composition and contribution) can be expected. 
Fatigue tests were performed on a hydraulic Schenk fatigue machine with a linear actuator PLZ 7 and a 1 
kN load cell. The experiments done in this study are stress driven pull-pull fatigue tests performed at three different 
stress levels for the 175 m wire (a = 665, 707 and 748 MPa) and one stress level for the 300 m wire (a = 670 
MPa). All fatigue tests were carried out at an R value of 0.5 and at a frequency of 60 Hz, with a gauge length of 80 
mm. The fatigue tests were performed in a controlled environment with a relative humidity of 54  4 % and a 
temperature of 20.4  0.3 °C. All fatigue fractures were examined with scanning electron microscopy (SEM) using a 
FEI XL30 FEG system. 
3. Results and discussion 
3.1. Fatigue data  
The results of the fatigue tests on the 175 m wire are shown in figure 1.  In total 65 samples were tested. The 
observed difference in fatigue life is three orders of magnitude. The data points can be subdivided into three groups. 
Only for the fatigue data at a = 707 MPa, a log-normal distribution is superimposed to show the difference between 
the groups. Since all samples come from the same wire (no difference in wire rod or production process between the 
samples), one can only make this subdivision whenever different fatigue crack initiation mechanisms are active for 
all groups. Therefore a fractography study was performed on all fractures. 
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Figure 1: Fatigue data for the 175 m wire, presented as a function of the fatigue life. The fatigue tests are performed on three 
different stress levels: 665, 707 and 748 MPa. To show the difference between the groups a log-normal distribution is superposed 
on the fatigue data at a = 707 MPa. 
In figure 1 different symbols are used for all the stress concentrations that were found to initiate the fatigue crack. 
It was observed that fatigue cracks can initiate both at the surface and internally. There are two different groups of 
fatigue data for which the fatigue crack initiates at the surface of the drawn wire. For the first group, with fatigue 
life below 1E5 cycles, these surface stress concentrations are surface defects, (sub)surface inclusions or surface 
oxides. In the second group, with fatigue life around 1E6 cycles, fatigue cracks also initiate at surface stress 
concentrations. However these surface stress concentrations are smaller than for the first group. The stress 
concentrations found were longitudinal surface cracks and subsurface SiO2 inclusions. The third group of fatigue 
data comes from samples with fatigue lives larger than 7E6 cycles. In these samples, the fatigue crack always 
initiates at internal non-metallic inclusions. 
3.2. Surface versus internal crack initiation  
The validity of the quantitative relation between fatigue limit, fatigue threshold and defect size and shape, as 
developed by Verpoest et.al. [1,2], will be checked on these much finer wires. The stress intensity factor range for 
surface or internal crack initiators can be determined using Murakami’s formula for a surface defects of arbitrary 
shape [6]: 
 
0.65K area             (1) 
  
and for internal cracks of an arbitrary shape        0.5K area        (2) 
  
with K the stress intensity factor range,  the applied stress range and area the root of the area of the defect 
projected on the plane perpendicular to the wire axis. If equation 1 is used for surface inclusions it is necessary to 
use the inclusion’s projected area together with the weakened area, as is described in detail by Murakami et al. [6]. 
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A detailed fractographic study of the fatigue crack initiators is presented in [6], and can be summarized as 
follows: 
	 First group with fatigue lives below 100.000 cycles: crack initiation happens at surface defects 
extended over several hundreds of micrometers along the length of the wire, indicating that it was 
introduced by the wire drawing operation, at subsurface non-metallic inclusion or at surface oxides. The 
K values of these surface stress concentrations have been calculated (equation 1) for 32 samples and 
lie in a range between 3.18 and 4.78 MPa	


	K value higher then the 
long crack growth threshold value (Kth,lc =3.82  0.09 MPah will be determined later in this 
paper. This indicates that from these crack initiators, the fatigue crack grows immediately as a ‘long 
crack’, following Paris’ law for long crack growth. This explains also the rather short fatigue life of the 
first group of samples (< 100.000 cycles). The five crack initiators with a somewhat lower K value 
exhibited microstructural damage around subsurface inclusion, suggesting that a effectively larger 
inclusion size should be used (more details in [6]) 
	 Second group with fatigue lives around 1.000.000 cycles: the fatigue cracks initiate at longitudinal 
surface cracks or at subsurface SiO2 inclusions, all with K values smaller than 2.5 MPa Since the 
K values of these surface crack initiators are much smaller than Kth,lc it is not possible for long 
fatigue cracks to immediately start growing. First, short fatigue cracks have to grow until K 
 Kth,lc, 
which explains the long fatigue lives of these samples. 
	 Third group with fatigue lives longer than 10.000.000 cycles:  the fatigue fracture always initiates at 
internal non-metallic inclusions, for which equation (2) has to be used. The K values for such internal 
crack initiation at non-metallic inclusion are calculated to lie between 1.57 and 2.39 MPa	
significantly lower than the long crack threshold Kth,lc. As for the second group, short fatigue cracks 
have to grow first, explaining again the (extremely) long fatigue lives in this group. 
 
Figure 2: SEM image from an internal fatigue fracture in the 175μm drawn steel wire. 
3.3. Determination of the long crack growth fatigue threshold Kth,lc 
A new method has been developed to measure the fatigue threshold stress intensity factor (in short ‘fatigue 
threshold) for long cracks, which follow the Paris’ fatigue crack growth law. It was observed that around the internal 
inclusions, in the middle of the fatigue area of the fracture surface (the circular area in fig. 2), a small area with 
different appearance is present. In [6], the nature of this area is discussed in depth. In short, it can be stated that this 
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area represents the stage of slower crack growth rate, governed by different crack growth mechanisms and, as will 
be described later, described by a different crack growth law. 
This area has a rougher surface, and is named ODA (optically dark area) by Murakami et al. [8], GBF (granular 
bright facet) by Shiozawa et al. [9,11,13] FGA (fine granular area) by Sakai et al. [10], and FCT (facet) by Tanaka et 
al. [12]. In the present paper the name FCT will be used. 
Shiozawa et al. [13] suggested that the FCT area is formed by the growth and coalescence of microcracks around 
the inclusion. These microcracks would propagate along the boundary between spherical carbide and the matrix. 
Murakami et al. [8] was first to suggest the possible influence of hydrogen on the formation of the FCT area. 
Sadananda et al. [14] suggested that due to the presence of high internal stresses around inclusions, short cracks can 
initiate very early, but then rapidly slow down and further grow in a microstructure dominated mode. It is shown in 
6, using ion beam cuts into the fracture surface of the FCT,  that the roughness in the heavily drawn steel wires, 
studied in this paper, is most probably related to local shear bands. 
The interesting observation is however that the boundary of the FCT (fig. 2) can be interpreted as the transition 
between the slow crack growth rate, or “short crack” region, and the long crack growth rate (Paris dominated) 
region. Hence, this boundary can be used to assess the fatigue threshold for long crack growth Kth,lc. Figure 3 
shows the area of the FCT as a function of the fatigue life, for the three different fatigue stress amplitudes applied to 
the 175μm steel wire. It is observed that the area of the FCT region is constant for a certain applied stress. When the 
K value of the FCT area is calculated for each internal fracture, using equation (2), it becomes clear that KFCT is 
constant and independent of the stress level (no significant difference ANOVA,  = 0.05) for a given R value (R = 
0.5). Kth,FCT is calculated to be 3.82  0.09 MPa. This value compares quite well with the experimentally 
measured values of Verpoest [1,2], using a fundamentally different technique, for drawn steel wires with an UTS 
between 1321 and 2218 MPa, namely between 3.5 and 4 for R = 0 and between 4 and 5 for R 
 0.6. It also compares 
well to the experimental values obtained by Llorca and Sanchez-Galvez [26].This suggests that the fatigue threshold 
further decreases with increasing tensile strength, even beyond the already high strength values of 2000 MPa, which 
is in line with expectations. 
 
 
Figure 3: FCT area as a function of the Fatigue life for in the 175μm drawn steel wire  
3.4. Additional evidence for slow fatigue crack growth 
 
In [15], Lambrighs has approached the short/long crack growth problem using the Kitagawa diagram [16]. This 
approach is also summarized in [6].  In this paper, an alternative approach will be presented. 
The crack growth rate for long cracks, obeying the Paris’ law, can be quantitatively described using the formule: 
3264  Kasper Lambrighs et al. / Procedia Engineering 10 (2011) 3259–3266
mda C K
dN
            (3) 
 
Assuming that long crack growth would start immediately from the observed surface defects or inclusions, the 
fatigue life Nf of a steel wire can be predicted by integrating formula (3): 
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For internal inclusions, the constant 0.65 has to be replaced by 0.5 (see formula 2). The integration is calculated 
from the defect or inclusion equivalent radius a till the final equivalent radius at fracture; both radii are calculated 
using 
 
²
2
a
area
 
           (5) 
 
 
Figure 4: Relation between the experimental and the calculated fatigue life (based on the Paris law) for two drawn steel wires 
with different diameter (175 vs 300 μm) but similar tensile strength (3187 vs 3300 MPa). 
 
In figure 4, the predicted fatigue life (using eq. 4) and the experimentally observed one is presented for both the 
175μm and the 300μm drawn steel wire, and contains both surface defects and internal inclusions as crack initiators. 
The coefficients of Paris’ law are calculated based on the data for the large surface defects, from which immediately 
long fatigue crack growth originated. They are summarized in Table 1: 
 
Steel wire type Tensile  
Strength 
Long cracks Short cracks 
           (MPa)         Cl ml Cs ms 
175 μm 3187 7.68 *10-13 4.3 2.8 *10-13 12.8 
300μm 3300                      1.95 *10-13 5.44 1.6 *10-13 5.95 
 
Table 1: constants in Paris’law for long and short fatigue cracks in drawn steel wires with different diameter (175 vs 300 μm) 
but similar tensile strength (3187 vs 3300 MPa). 
 
As expected, the predicted fatigue lives coincide well with the experimental ones for the surface defects, because 
the constants of Paris’ law were calculated based on these data. However, the steel wires for which the fatigue 
cracks originate from an internal inclusion have a much longer experimental fatigue life then the predicted one 
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(based on ‘long fatigue crack growth’), namely about ten million cycles compared to the predicted 100.000 cycles, 
or a difference of two orders of magnitude. This again proves, for both types of steel wire, that when fatigue cracks 
initiate from small defects like internal inclusions, the fatigue cracks first grows very slowly until it’s stress intensity 
factor Kth, reaches the values of the ‘long fatigue crack’ stress intensity threshold Kth,lc  . 
Hence, it is proposed that a similar law as Paris’ law for long cracks could be applied for the short cracks, just by 
fitting eq. (2) through the data points for internal cracks in figure 4 (bottom right data points). In this way, Paris’ 
constants for short fatigue crack growth can be defined (see Table 1, right columns), and a bilinear Paris curve can 
be constructed (fig. 5). 
Hence, for any inclusion, the expected fatigue life can be calculated using an adapted bi-linear Paris law; the 
change-over happens at the long crack fatigue threshold Kth,lc  .  
 
 
 
Figure 5: Crack growth curve based on the Paris law for both the short and long crack growth regime for the 175 m wires and 
an R value of 0.5. 
4. Conclusion 
A very large scatter, exceeding three orders of magnitude, is observed for the fatigue data of drawn steel wires. A 
fractography study revealed that different fatigue crack initiation mechanisms are active. Based on these different 
fatigue crack initiation mechanisms, the fatigue data can be divided into three groups. All three groups are 
significantly different in fatigue life (ANOVA,  = 0.05), meaning that the different fatigue crack initiation 
mechanisms lead to different fatigue lives. The three fatigue crack initiation mechanisms active are: 
 surface defects, oxides and inclusions wherefore K > Kth,lc (fatigue lives lower than 1E5 cycles). 
 surface defects wherefore K < Kth,lc (fatigue lives around 1E6 cycles). 
 internal inclusions wherefore K < Kth,lc (fatigue lives larger than 7E6 cycles). 
 
This investigation showed that only a fraction of the filaments failed due to pre-existing surface defects that were 
caused by the cold drawing process, meaning that the crack initiation mechanisms observed in the past [1,2] on 
thicker wires ( 1-2 mm) are not valid anymore for the more heavily drawn, thinner wires tested in this study. 
Besides surface stress concentrations the fatigue cracks also initiated at internal non-metallic inclusions.  
The most critical stress intensity factors (lowest fatigue lives) that were observed for these wires are (sub)surface 
non-metallic inclusions, surface oxides and surface defects. From the size and shape of these data, combined with 
the experimentally measured fatigue lilfe, the constants of the Paris’ law for long cracks have been derived. 
 
On the other hand, it was observed that fatigue cracks originating from internal inclusions show a two stage 
fatigue crack growth: slow growth in the facet or FCT-area around the inclusion, and normal long crack growth 
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beyond this. The transition from short to long crack growth has to happen at the long crack fatigue threshold Kth,lc. 
In this way, a handy method has been developed to measure the long crack fatigue threshold Kth,lc , even on very 
thin (175 μm) steel wires. The obtained values were in line with previous measurements on thicker steel wires with 
lower strength. 
 
Finally, it is proposed to quantitatively describe the fatigue crack growth of short ànd long cracks in one bi-linear 
Paris’ curve. The transition from short to long cracks happens at the long crack fatigue threshold Kth,lc. . the short 
crack Paris constants have to be treated with care, because they depend on the microstructural features around the 
(small) inclusions, and hence they must depend on the  shape and hardness of the inclusions, and as a consequence 
on the amount of microstructural damage created during the (heavy) wire drawing process. In [15], Lambrighs has 
shown that silicon oxide inclusions lead to a faster short crack growth rate than mixed oxides, suggesting that the 
latter create less microstructural damage during heavy wire drawing. 
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